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Abstract 12 

Because of their propensity to ingest debris, sea turtles are excellent bioindicators of the global 13 

marine debris problem.  This review covers five decades of research on debris ingestion in sea 14 

turtles from 131 studies with a novel focus on quantities.  Previous reviews have focused solely 15 

on presence/absence data.  Past reviews have called for standardization and highlight biases in 16 

the literature, yet none thoroughly describe improvements needed at the data reporting stage.  17 

Consequences of three reporting choices are discussed:  not reporting quantities of ingested 18 

debris (32% of sea turtle studies reported only frequency of occurrence), excluding animals that 19 

did not ingest debris (64%), and not normalizing quantities to animal size (95%).  Ingestion 20 

quantities, corrected for these factors, allowed a first-ever global meta-analysis on the units of 21 

g/kg, revealing that hawksbill and green turtles rank highest among sea turtle species, and that 22 

the Central and Northwest Pacific and Southwest Atlantic Oceans are hotspots.  Furthermore, 23 

this review discovered that monitoring efforts are disproportionate to the magnitude of the 24 

problem.  Large efforts are focused in the Mediterranean Sea where international policies are 25 

hotly discussed versus the Central Pacific that has 5-fold greater debris ingestion quantities but 26 

represents only 3 % of the global research effort.  Future studies are recommended to report 27 

quantities of ingested debris using units described herein and make use of the pilot database 28 

provided. 29 

Keywords:  anthropogenic debris, plastic ingestion, marine turtles, standardization, risk 30 

assessment  31 

Page 2 of 42

ACS Paragon Plus Environment

Environmental Science & Technology



TOC Art 32 

  33 

Page 3 of 42

ACS Paragon Plus Environment

Environmental Science & Technology



INTRODUCTION 34 

Marine plastic debris is considered an emerging contaminant and requires vigilant 35 

monitoring 
1, 2

.  For sea turtle populations, debris ingestion is a concerning and increasing 36 

anthropogenic threat that deserves more detailed scientific study 
3-9

.  A global model estimated 37 

that 52 % of surviving sea turtles have likely ingested marine debris 
10

 and a reported 4 % of 38 

necropsied sea turtles have died from it 
11

.  Because of their propensity to mistake debris for their 39 

natural prey, sea turtles, like seabirds, are recognized as excellent bioindicators for monitoring 40 

the amounts and types of marine debris in a region 
12, 13

.   41 

Standardizing methods to facilitate spatial, temporal, and species comparisons are 42 

critical.  As Koelmans et al. 
14

 pointed out, “present measurement methods are far from fully 43 

developed or standardized among laboratories.”  This problem is particularly evident in the five 44 

decades of research on debris ingestion in sea turtles.  Recently the European Commission has 45 

published recommended methods for sea turtles 
15

, and additional international groups are 46 

currently working to standardize methods in marine debris research.  Plastic litter is one of the 47 

few classes of contaminants that can be seen with the naked eye, making isolating mega, meso, 48 

and 1 mm to 5 mm microplastics from sea turtle gastrointestinal (GI) tract contents relatively 49 

straightforward.  Although painstaking work, it only requires simple laboratory methods, at most 50 

microscopy, rather than sophisticated and expensive chemical instrumentation.  Despite simple 51 

methods, researchers could greatly improve methods at many stages of analysis:  turtle 52 

collection, debris collection, and data analysis and reporting.   53 

The first two stages (turtle and debris collection) have been thoroughly discussed in other 54 

reviews with excellent recommendations for sea turtle studies 
11, 16

.  Casale et al. 
16

 is an 55 

authoritative review of numerous flaws or biases in 49 sea turtle studies.  At the turtle collection 56 
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stage, the sources of turtles (e.g., stranded vs. picked alive) each have biases and comparing 57 

studies using these different sampling strategies presents challenges 
16

.  Stranded turtles do not 58 

represent the normal sea turtle population in a given region 
16

.  Turtles foraging in pelagic 59 

regions have a greater likelihood of debris ingestion than neritic benthic feeding stages 
10, 16

.  60 

Therefore, ingestion data should be reported in a stratified manner for different sources of turtles, 61 

size classes (or pelagic vs. neritic phases), fishing gear used, stranding locations (beach vs. at 62 

sea), and body conditions, especially if injury or illness modified foraging 
16

.  Sample sizes are 63 

routinely low in opportunistic studies on protected species, and this unfortunate disadvantage 64 

makes certain kinds of debris ingestion data, like frequency of occurrence, “essentially 65 

meaningless” 
16

.   66 

At the debris collection stage, assessing the entire GI tract during necropsy is considered 67 

the most effective sampling strategy compared to lavage or fecal assessments 
11, 16-19

.  Method 68 

choices for identifying debris items (e.g., with or without microscope, different sieve mesh sizes 69 

or digestion/extraction methods) likely affect debris detection among gut contents and bias the 70 

size range of items discovered.  Additionally, studies with alternative goals (e.g., diet, mortality 71 

causes, or other pollutant types) likely underestimate debris ingestion, and the quality of data 72 

differs between these types of studies so comparisons are affected 
16

.  Few studies provide clear 73 

descriptions and counts of lethal cases of debris ingestion, but all should 
16

.   74 

Additional scrutiny and improvements are needed at the data analysis and reporting stage.  75 

No marine debris ingestion review study has discussed all aspects of this stage, but Provencher et 76 

al. 
20

 provided several recommendations.  The goals of the current review were to thoroughly 77 

discuss biases at only this stage and perform the first global review of marine debris ingestion in 78 

sea turtles focused on quantities rather than presence/absence.  Frequency of occurrence (%FO), 79 
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or the proportion of turtles assessed that contained ingested debris, has been the focus of all 80 

previous review articles on debris ingestion in sea turtles 
11, 16, 21, 22

.  The consequences of 81 

reporting only %FO and two other data reporting choices (excluding non-detects and failing to 82 

scale debris amounts to turtle size) are presented.  After correcting for non-detects and 83 

normalizing to turtle size, average ingestion quantities (g/kg) were estimated from previous 84 

studies for a more appropriate assessment of geographical hot spots and species of concern.  85 

Advantages of recommended units are provided for future studies to consider. 86 

STRATEGY OF REVIEW 87 

References that investigated plastic marine debris ingestion in sea turtles were gathered 88 

from previous comprehensive global or regional literature reviews 
11, 12, 16, 19, 21-25

 and from 89 

Google Scholar searches for studies published between 2014 and April 2018 using the search 90 

terms: “marine debris ingestion sea turtle” and “plastic ingestion sea turtle”.  Non-peer-reviewed 91 

reports were included.  Studies were categorized based on data reporting choices.  If quantities 92 

were reported, studies were categorized based on units reported and whether non-detects were 93 

included in calculating the averages.  Non-detects are turtles without observed ingested debris.   94 

Turtle body size measurements and plastic ingestion data were entered into a spreadsheet 95 

(pilot database).  To maximize comparability among studies and make the best use of previously 96 

published data from diverse units, numerous estimations converted carapace length to kg and 97 

plastic ingestion quantities to grams of debris using science-based conversions or experienced 98 

judgement.  The most frequently used conversions are explained below, all equations can be 99 

found in the database (Supporting Information File S1).   The unfortunate conversions were 100 

necessary to maximize the number of studies and make the best use of previously published data 101 

from diverse units.  The goal was to obtain an entry into the spreadsheet for as many studies as 102 
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possible for three data columns:  1) average mass of ingested debris per turtle, 2) average kg of 103 

turtles, and 3) average g debris/average kg of turtle.    104 

When non-detects were not included in averages of ingested plastic quantities, the 105 

average quantities were accurately recalculated using the following equations: 106 

(average quantity without non-detects x number of detections)  / total number of turtles 107 

assessed 108 

or 109 

total quantity of debris measured in entire study / total number of turtles assessed.   110 

Since the debris ingestion quantity for non-detects is somewhere between zero and the detection 111 

limit, statisticians do not recommend substituting their value with a zero 
26

.  However, in this 112 

meta-analysis, zero substitution was necessary and is justified based on the size of debris.  113 

Nearly all studies targeted micro- to meso-plastics (>1 mm 
20

), which are hard to overlook when 114 

assessing sea turtle gut contents.  Detection limits and appropriate handling of non-detects will 115 

become more important in future studies focusing on smaller debris sizes. 116 

 Reported debris quantities in pieces/turtle or mL/turtle were converted to grams/turtle 117 

with equations from data in Clukey et al. 
19

 [g = (0.11885*pieces) + 0.9289 or g = (0.5964*mL) 118 

+ 0.9817], being cautious at the high and low ends of the range (e.g., 1 piece cannot be converted 119 

accurately to grams).  These regressions are based on 2880 plastic debris items ingested by 50 120 

pelagic-phase Pacific sea turtles representing three species.  Regressions within studies to 121 

convert number of pieces to g/turtle for individual tabulated turtles 
27

 or ratios of max 122 

pieces/turtle to max g/turtle within a study were used on occasion 
28

.  The total mass of debris in 123 

all turtles within a study could be calculated by multiplying the reported % of gut contents that 124 
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was debris by the total gut contents mass in all turtles (occasionally both were reported).  This 125 

total debris quantity divided by the number of turtles assessed provided an accurate average 126 

g/turtle.  On several occasions, studies did not provide debris mass, but did provide length and 127 

width dimensions of all debris items ingested, or these could be estimated from photos.  Surface 128 

area of each ingested debris item was calculated using the following equations and required the 129 

assumption that each piece was a box shape,  130 

cm
2
 of each piece = 2 x [ (LxW) + (LxD) + (WxD) ] 131 

where L is length, W is width, and D is depth in cm, and  132 

total cm
2
 per turtle = sum of surface area of all pieces in one turtle. 133 

When D was not provided, it was assumed to be 1 mm for hard fragments and 0.5 mm for sheets; 134 

W and D for pieces of line were both assumed to be 0.5 mm.  These were average values of 135 

common items measured in Clukey et al. 
19

. Then, the estimated surface area of each debris piece 136 

was converted to mass using data collected by Jung et al. 
29

.  That study had recorded the 137 

dimensions, surface area, and mass of >800 individual plastic debris items ingested by 50 138 

pelagic-phase Pacific sea turtles (representing three species).  By matching the type, dimensions, 139 

and surface area, the mass of pieces from other studies could be estimated.  In rare cases, new 140 

items of similar type and size were weighed to represent the debris mass (plastic fork, straw, and 141 

bags) found within a turtle 
22, 30-32

.   142 

When turtle mass (kg) was not reported, it was estimated using carapace length (cm).  143 

Curved carapace length (CCL) was converted to straight carapace length (SCL) using equations 144 

for each species 
33

.  Likewise, SCL was converted to mass using equations for each hard-shelled 145 

species 
33

.  For leatherback turtles, CCL was converted to mass 
34, 35

.  When only the ranges of 146 
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turtle size rather than a mean was reported 
17

, the mean kg was estimated from other studies with 147 

similar ranges of the same species. 148 

For debris quantities in units of g/kg, two columns of data were included in the database:  149 

1) actual reported g/kg and 2) a calculation of average g of debris divided by average kg of turtle 150 

within the study.  In rare cases, both g ingested and kg of turtle mass was available from all 151 

individual turtles, allowing the actual values (g/kg) to be tabulated per turtle 
19, 36

.  For the second 152 

column, the numerator, denominator or both could be estimates.   153 

The database was then sorted by species and geographical regions representing roughly 154 

quadrants of ocean basins.  When a turtle was reported in multiple publications, data were 155 

selected so that each turtle was represented only once within a region.   Studies focused solely on 156 

cause of death (e.g., Meager and Limpus 
37

) were excluded from the meta-analysis, since turtles 157 

that ingested debris but were not killed by it are not be represented in these data.  Data from 158 

remaining studies within a region for a particular species were combined to calculate average 159 

%FO and debris quantities weighted by sample size within that region.   160 

Selection criteria to potentially exclude studies or samples based on turtle or debris 161 

collection methods were carefully considered for the meta-analysis.  An overly inclusive 162 

approach was ultimately chosen to maximize the number of regions available for comparison and 163 

sample sizes within regions at the risk of some known disadvantages.  Turtle collection years 164 

were from 1950 to 2017, even though debris ingestion has increased during this time 
38

.  Studies 165 

with diverse turtle sources were included, but when possible, turtles with empty GI tracts due to 166 

reduced foraging caused by illness (e.g., 30 turtles in Matiddi et al. 
13

) were excluded as 167 

recommended by Casale et al. 
16

.  No effort was made to select pelagic- versus neritic-phase age 168 

classes, even though pelagic-phase turtles ingest debris more frequently 
10, 11, 16, 22, 28, 39-41

.  169 

Page 9 of 42

ACS Paragon Plus Environment

Environmental Science & Technology



Studies containing any method of debris collection (fecal, lavage, portion of gut, and entire gut 170 

assessments) were included, but when one study provided data from two methods, the most 171 

comprehensive data were chosen (e.g., gut rather than fecal data 
42

).  Attempts were made to 172 

select data on only synthetic debris (e.g., only plastic 
43, 44

), but some studies only reported a 173 

combined quantity for natural and synthetic debris.  Natural debris (rocks, plant matter, feathers, 174 

etc) is common, but plastic is frequently the majority of ingested debris.  Excluding studies for 175 

any reason described above would have eliminated or halved sample sizes in certain regions.  176 

The coarse assessment made herein was intended to provide relative rankings of regions or 177 

species rather than a statistical assessment of significant differences.   178 

A brief discussion of the limitations and benefits of this overly inclusive approach is 179 

necessary.  Combining studies with diverse methods increases the variability within a region or 180 

species, especially when only two studies with very different methods are combined from one 181 

region.  Readers are encouraged to carefully consider the data and methods within each resulting 182 

data point.  All turtles from a region were combined for one weighted average.  Because data on 183 

individual turtles was rarely available, no variance could be calculated for each weighted 184 

average.  It was also not possible to calculated medians, which are preferred over averages in 185 

contaminant studies because data are typically log-normal and skewed to the right.  Benefits to 186 

this approach are that the meta-analysis includes non-detects, maximizes the use of all sea turtle 187 

ingestion studies, even from incredibly diverse units, and weights regional and species averages 188 

to total sample size, which allows for inclusion of single-turtle case studies in an appropriate and 189 

meaningful way.  Furthermore, it provides average quantity estimates for each reviewed study to 190 

facilitate future comparisons if reporting recommendations herein are adopted.  The strength of 191 

this manuscript is the critical review requesting better data for better quantitative comparisons in 192 
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the future.  The current approach is the best use of poor data to demonstrate gaps and point out 193 

critical needs. 194 

SUMMARY OF REVIEWED STUDIES 195 

From 1970 to April 2018, 131 publications were found that assessed plastic ingestion by 196 

sea turtles.  The field grew linearly until 2007, after which it has been rising exponentially 197 

(Figure 1).  The database lists all studies by species, shows method categorization, tabulates 198 

results, and provides calculations for estimating turtle sizes and debris ingestion quantities 199 

(Supporting Information File S1).   200 

Sample sizes ranged from 1 to 777 turtles/study with 27 % of the studies containing only 201 

a single turtle (Figure 2).  Ninety-three percent of the studies observed debris ingestion (Figure 202 

3).  This is likely an overestimation because studies that did not find debris are less likely to be 203 

published 
21

.  When debris was observed, 114 studies (93.4 %) reported %FO while only 83 204 

(68.0 %) reported a debris quantity with a diversity of units (Figure 3).  Of these 83 studies, 62 205 

(74.7 %) included a sample size greater than one.  Even after five decades of research, discussion 206 

of method standardization has been very limited and only recent.  Furthermore, no discussion has 207 

focused on standardizing reporting methods until now.   208 

CONSEQUENCE OF DATA REPORTING CHOICES  209 

Excluding non-detects.  Of the 62 studies that reported a quantity and had a sample size >1, 210 

only 35.5 % (22 studies) intentionally included non-detects in their calculation of central 211 

tendency (Figure 3).  Excluding non-detects can greatly overestimate a population’s mean 212 

ingestion amount.  For example, using data from Hoarau et al. 
45

, loggerheads that ate plastic 213 

ingested 41 items on average, but when the 36 additional non-detects are included, the average 214 
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drops to 19 items/turtle (Supporting Information File S2 Figure S1).  Excluding non-detects 215 

overestimated the average plastic ingestion of this Western Indian Ocean sea turtle aggregation 216 

by 22 items/turtle or 2.2 times (116 %).  This is most important when comparing different 217 

populations or aggregations.  To demonstrate this consequence, grams of debris ingested by 218 

green turtles at three locations along Brazil are compared both ways (Figure 4).  Excluding non-219 

detects from Paraíba mistakenly depicts it as ranking second with 2.3-times more mass ingested 220 

than turtles from Santos.  When considering all turtles studied, Paraíba turtles rank lowest and 221 

actually ate 2.9-times less than those near Santos.  Both examples show how excluding non-222 

detects can be misleading. 223 

The decision to include or exclude non-detects is often overlooked or under-explained.  224 

Provencher et al. 
20

 discusses this issue.  Their recommendation, and mine, is to include non-225 

detects.  Statisticians also plea that non-detects should not be excluded in calculating central 226 

tendency and variance, or when testing hypotheses with statistics 
26

.  These individuals are 227 

equally important to a population’s average ingestion quantity as an individual that ate debris.  228 

For these reasons, all quantities shown in Supporting Information File S2 Table S1 are corrected 229 

to include non-detects.   230 

In one situation, certain non-detects might best be excluded.  Casale et al. 
16

 points out 231 

that turtles with empty GI tracts, such as chronically ill, emaciated stranded turtles, are biased 232 

and do not represent the general turtle population.  When neither plastic nor food is observed in a 233 

turtle GI tract, another stressor must have reduced foraging behavior for several weeks prior to 234 

death.  Without intentional foraging, these turtles could not have mistaken plastic for food; thus, 235 

researchers should consider excluding these turtles.  On a broader scale, Nelms et al. 
21

 pleas for 236 

studies to publish both positive and negative results.  If debris was not observed in the gut of any 237 
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turtles, these delightfully “negative” findings deserve to be reported so they can be included in 238 

comparisons.    239 

Frequency of occurrence versus quantities. Of the 122 studies that found debris ingestion, 240 

only 8 studies (or 6.6 %) did not report a %FO whereas 39 (or 32.0 %) failed to report an 241 

ingestion quantity.  Because %FO is the most commonly reported metric of debris ingestion, it 242 

has been the sole focus for previous sea turtle review articles 
11, 12, 16, 21-25

.  Provencher et al. 
20

 243 

noted that %FO is the most commonly reported value in seabird studies, so the sea turtle 244 

literature is not alone in this disadvantage. 245 

Because %FO does not describe how much debris was ingested, it is not as valuable as 246 

describing the quantity ingested.  It is possible for two studies to find very high %FO but 247 

substantially different ingestion quantities.  For example, two studies with similar methods 248 

assessing plastic mass in the entire GI tract of juvenile green sea turtles, one from Central Pacific 249 

19
 and one from Brazil 

46
, had similarly high %FO of ≥90 % (Figure 5).  However, the quantity 250 

ingested in the Central Pacific green turtles was 7-times greater than the Brazilian turtles.  This 251 

comparison suggests that the risk of adverse effects would be higher in Central Pacific turtles 252 

and that presence/absence data (%FO) is not enough to explain risk. 253 

Diversity of units. Units for reporting quantity of debris ingested per turtle varied widely across 254 

the 83 studies (Figure 3 inset).  The most common unit (71.1 % of studies reporting a quantity) 255 

was number of debris pieces, followed by debris mass (41.0 %).  Six of the latter studies reported 256 

wet debris mass, which overestimates the quantity ingested.  For example, the dry debris mass 257 

ingested by 64 Pacific sea turtles was on average 24 % less than the wet mass (22 % SD) (Lynch, 258 

unpublished data).  Debris volume (18.1 %) and surface area (20.5 %) per turtle were 259 

occasionally reported or enough data were provided so these could be estimated.  In 24.1 % of 260 
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the studies, authors reported a percentage of gut contents, but the methods are diverse, including 261 

wet masses, dry masses, or volumes, and sometimes the denominator is the entire gut contents, 262 

while other times it is isolated prey items.  Furthermore, the method sections of these papers 263 

often lack sufficient definitions of the numerator and the denominator, causing confusion and 264 

difficulty when comparing data across laboratories.  Only four studies (4.8 %) provide enough 265 

data to calculate grams of debris per kg of individual turtle, and one of these assessed only one 266 

turtle.  The low percentage of studies reporting quantities, even just counts of debris pieces, is 267 

disappointing and the diversity of units makes it challenging to compare across space, time, 268 

species, life stages, etc.  Nelms et al. 
21

 and Clukey et al. 
19

 also called for sea turtle studies to 269 

standardize methods for reporting quantities so that comparisons can be made across available 270 

studies.     271 

UNIT RECOMMENDATIONS 272 

Each unit of quantity has its advantages and disadvantages, including biasing 273 

interpretation of results and methodological challenges (Supporting Information File S2 Tables 274 

S2-3).  Of the units listed on a per turtle basis, debris dry mass has been recommended 
19, 21

.  275 

Advantages of this unit include a good measure of body burden, a moderate number of studies in 276 

the existing literature have reported this unit for comparison, it correlates to the number of debris 277 

pieces, surface area, and volume per turtle 
19

, and it avoids overestimations caused by 278 

fragmentation of pieces 
47

 (Table S2).  Reporting the number of pieces/turtle is also warranted, 279 

even though its major disadvantage is that larger pieces encountered by a turtle may be 280 

fragmented in the mouth or gut during ingestion or digestion 
21

 or during handling of the sample.  281 

Although time consuming, measuring each piece on all three sides for surface area calculations 282 

and for reporting the longest dimension is also helpful.  Knowing the size distribution of debris 283 
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provides more information about selection of debris by species.  Surface area might be the best 284 

unit for assessing transfer of additive or sorbed chemicals from plastic to turtles, although debris 285 

mass should work well too.   286 

Toxicologists often paraphrase Paracelsus by saying “the dose makes the poison.” 287 

Conventional toxicity thresholds are stated on a mass fraction basis, such as g of pollutant per kg 288 

body mass.  One toxicity threshold has been proposed for plastic ingestion in sea turtles.  Santos 289 

et al. 
48

 concluded that 0.5 g of ingested plastic could kill green sea turtles, but this value was not 290 

put in context of the mass of the turtles they studied near Brazil.  This very low threshold is 291 

puzzling, because pelagic turtles in the central Pacific frequently contain 20 g or more of debris 292 

in their GI tracts yet show no sign of adverse effect (e.g., no blockage, perforation, ulcer, or 293 

malnutrition) 
19, 49

.  The risk of health impacts from ingesting 0.5 g of plastic is presumably 294 

higher for a 6.5 kg green turtle (37 cm long) than a 29 kg green turtle (60 cm long), even though 295 

both are still considered juvenile, let alone a 290 kg adult leatherback (135 cm long).  The same 296 

is true for comparisons among different sized fish, seabird, or marine mammal species.  As 297 

vertebrates grow in length and mass, so does the diameter of their GI tract.  Therefore, it is 298 

reasonable to expect a higher risk of gut obstructions in smaller compared to larger sea turtles 
21, 

299 

28
.  This speculation is most concerning given the consistent result that smaller, pelagic sea 300 

turtles are more likely to ingest debris than larger, older, benthic stages 
10, 11, 16, 22, 28, 39, 40

.  301 

Normalizing debris ingestion units to the size of the turtle is therefore important, especially if the 302 

goal is to compare younger to older age classes or across different species that have different 303 

mature body sizes.  On the other hand, it is critical to note that size does not always matter when 304 

it comes to effects of ingested plastics.  Many studies have noted that small amounts can cause 305 

health problems for sea turtles 
11, 17, 48, 50

.  For instance, a small sharp item could perforate the gut 306 
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of a large turtle causing sepsis and death, or a single fishing line can cause plication of intestines 307 

51
.  Regardless, documenting the amount ingested per turtle size is ideal for comparing across 308 

studies, species, life stages, space, and time and for generally assessing risk of harm.   309 

Therefore, debris mass per turtle mass (g/kg) is by far the optimal unit for reporting 310 

marine debris ingestion quantities.  Weighing turtles is logistically difficult (Table S3), which 311 

explains why only 21 of the 83 studies that reported ingestion quantities also reported a mean 312 

turtle mass compared to 54 reporting a mean CCL.  Turtle measurements are important and mass 313 

data are worth the extra effort.  Turtle mass data can also be used in the calculation of body 314 

condition index which should be used by more sea turtle studies 
16, 19

.  The best studies will 315 

report their data using multiple units with a focus on pieces/turtle, debris dry mass/turtle, debris 316 

dry mass/kg, and surface area/turtle (Table S3), while also making good use of Supporting 317 

Information files to provide raw data on each individual turtle.  Size dimensions of debris items, 318 

required to calculate surface area, are important to report too.  Volume is a more uncertain 319 

measurement than mass, and % of gut contents is too complicated, so they are less favorable.  If 320 

a global database is maintained for monitoring marine debris ingestion by sea turtles, as called 321 

for recently 
11, 21

, data entry fields for quantities and turtle size will encourage future studies to 322 

collect and report on recommended units. 323 

META-ANALYSIS COMPARISONS 324 

Particular debris ingestion quantities from the database were extracted into a summary 325 

table (Supporting Information File S2 Table S1).  This table provides corrected quantities of 326 

ingested marine debris in recommended units for all 131 studies and shows which data were used 327 

for the meta-analysis.  Species and geographical comparisons could be made for the first time on 328 

quantities of ingested plastic.  Figure 6 provides the outcome of the meta-analysis for a) research 329 
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effort, as measured by the percentage of all turtles assessed, b) %FO, and c-f) multiple units of 330 

quantities ingested by green sea turtles across geography.  Figure 7 provides the same for 331 

loggerhead sea turtles.  Supporting Information File S2 contains Figures S2-S5 for the additional 332 

species.  Finally, species and geographical comparisons using the preferred unit, g/kg, are 333 

mapped globally in Figure 8. 334 

Findings by species.  Effort of assessing debris ingestion has varied greatly across species or 335 

regions.  Regardless of location, green and loggerhead turtles have received the most attention 336 

with 2795 and 2250 individuals assessed, respectively.  Totals for other species were 621 337 

leatherbacks, 444 Kemp’s ridleys, 88 olive ridleys, 82 hawksbills, and at least 4 flatbacks.   338 

Green sea turtle.  Great effort has gone into studying green turtles in Brazil and not so much 339 

elsewhere (Figure 6a), even though green turtles in other locations, such as the Central and NW 340 

Pacific, ingest higher quantities (Figures 6d-f).  %FO typically ranges from 0 to 88% and is 341 

>50% in the Central Pacific, NW Pacific, NW Atlantic, and SW Atlantic.  Regions with the 342 

lowest %FO are the Mediterranean Sea, E Tropical Pacific, or E Indian Ocean.   343 

Examining quantities, Central Pacific green turtles ate >70 pieces/turtle, similar to turtles 344 

in the SW Atlantic, which is >100-times more than those in the Gulf of Mexico, Mediterranean 345 

Sea, SW Pacific, or E Tropical Pacific (Figure 6c).  By inspecting grams/turtle, the NW Pacific 346 

green turtles ate the most, followed by Central Pacific green turtles, which ate 2.2-times more 347 

than SW Atlantic greens and >100-times more than greens in the Gulf of Mexico and SW Pacific 348 

(Figure 6d).  Comparing these quantities to the 0.5 g/turtle threshold proposed by Santos et al. 
48

, 349 

the average green turtle in the NW Pacific exceeds this critical value 44-fold, 20-fold in Central 350 

Pacific, 9.3-fold in SW Atlantic, and 4.4-fold in NW Atlantic.  Average green turtles elsewhere 351 

are below this threshold (Figure 6d).   352 
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By scaling the ingestion quantities to body size, differences between post-hatchlings (9 353 

cm) and adults (120 cm) are normalized and can be compared (Figure 6e-f).  Using the units 354 

g/kg, Central Pacific turtles ate about two-times more than greens from the SW or NW Atlantic 355 

Ocean and >100-times greater quantities than Gulf of Mexico or SW Pacific Ocean (Figure 6e).  356 

NW Pacific greens ate double that of Central Pacific greens.  It was surprising that SW Atlantic 357 

greens were not higher than Central Pacific, because Brazilian researchers frequently report 358 

death from debris ingestion while no pathology is observed in the Central Pacific turtle GI tracts.  359 

Clukey et al. 
19

 suggested that the difference may be due to smaller turtles assessed in Brazil.  360 

However, this meta-analysis does not support that possible explanation (Figure 6e).  The reasons 361 

for the differences in effect remains to be determined.  Differences could be due to source of 362 

turtles (stranded in Brazil vs. healthy Pacific live captures) or differing interpretation of GI 363 

pathology.  Regardless, scaling the quantities ingested to body size is important when making 364 

these comparisons.  The threshold proposed by Santos et al. 
48

 (0.5 g/turtle) was converted to 365 

0.077 g/kg using the estimated average body mass of turtles assessed in that study (6.48 kg).  366 

Average turtles in four regions are above this threshold (dashed line in Figure 6e).  Turtles in the 367 

Central Pacific exceeded this value by 12-times without observed effect, suggesting that this 368 

threshold value is not accurate for all green turtle populations and needs further refinement to be 369 

used globally.   370 

To remove the possible bias of emaciation from stranded animals, spatial differences 371 

were investigated in g/cm (Figure 6f).  SCL will not fluctuate with weight gain or loss, so it 372 

could possibly be a better measure for scaling to body size.  This analysis shows the same trends 373 

as g/kg with Central Pacific green turtles eating ≈2- to 4-times more than greens from the SW 374 

Atlantic or NW Atlantic and >100-times more than the Gulf of Mexico or SW Pacific.  NW 375 
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Pacific greens ate twice as much as Central Pacific greens.  Using these units (arguably a better 376 

choice for the comparison of stranded in Brazil vs. bycatch in Central Pacific), ingestion 377 

quantities still do not explain the difference in death attributed to debris ingestion.   378 

Loggerhead sea turtle.  Fifty-three studies have assessed plastic ingestion in loggerhead sea 379 

turtles across 12 global regions with more than half of the effort focused in the Mediterranean 380 

Sea followed by the NW Atlantic Ocean (Figure 7a).  The heavy effort in the Mediterranean is 381 

likely driven by policy and subsequent research funding.  Besides National Action Plans in each 382 

Mediterranean country, marine debris is managed by two regional entities: the UN 383 

Environment/Mediterranean Action Plan (Regional Plan on Marine Litter Management in the 384 

Mediterranean) and the European Commission (Marine Strategy Framework Directive), and the 385 

loggerhead turtle is a target indicator species for monitoring the marine debris problem 
12

.  To 386 

my knowledge, there is no other policy directive or reduction goal for other sea turtle species or 387 

regions of the world even though the environmental issue is worse for other species and regions.  388 

Loggerhead %FO typically ranges from 0 to 90% globally (Figure 7b).  Regions with >50 %FO 389 

are the NW Pacific and NE Atlantic.  The N Central Pacific ranks 5
th

 among regions with 45 390 

%FO, while the Mediterranean ranks 7
th

 with 40 %FO.  No debris was observed in neritic-phase 391 

loggerhead turtles inhabiting the E Tropical Pacific and E Indian Ocean.   392 

A comparison of Figure 7b and 7c further demonstrates that %FO may be misleading 393 

because it tells a different story than quantities.  For example, N Central Pacific loggerheads had 394 

a lower %FO at 41.6% compared to 61.7 % of NE Atlantic loggerheads, but the N Central 395 

Pacific turtles ate 7.6-times more pieces/turtle than NE Atlantic turtles (Figure 7c).  In fact, the N 396 

Central Pacific loggerhead turtles ate many times more pieces than any other region with an 397 

average of 83 pieces/turtle (Figure 7c).  W Indian and NE Atlantic loggerheads rank 2
nd

 and 3
rd

 398 
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with about 10 pieces/turtle.  The Mediterranean Sea ranks 4
th

 with 5 pieces/turtle, which further 399 

demonstrates that research effort is proportional to policy not the magnitude of the problem.  400 

Even lesser amounts were consumed by loggerheads in the SW Atlantic, Gulf of Mexico, and 401 

NW Atlantic.  The NW Pacific suffers from a low sample size for the unit of pieces/turtle.  By 402 

inspecting grams/turtle, a better geographical comparison can be made, the NW Pacific turtles 403 

ate the most, twice as much as the N Central Pacific loggerheads, followed by W Indian, Gulf of 404 

Mexico, NE Atlantic, and Mediterranean Sea turtles (Figure 7d).   405 

On a g/kg basis, W Indian loggerheads consumed the most (0.47 g/kg), likely because 406 

they were post-hatchling turtles, followed by N Central Pacific (0.26 g/kg), NW Pacific (0.18 407 

g/kg), NE Atlantic (0.17 g/kg), and Mediterranean Sea (0.05 g/kg) (Figure 7e).  The regional 408 

rankings in g/cm were NW Pacific>N Central Pacific>W Indian>NE Atlantic>Gulf of 409 

Mexico>Mediterranean (Figure 7f).  The top three switched ranks from those of g/kg, but this 410 

comparison fails to support the expected effect of weight loss on debris ingestion quantities.  The 411 

NW Pacific turtles were dead stranded, so they were expected to consist of some emaciated 412 

turtles.  Their body condition (thus denominator in g/kg) was likely lower than those of the N 413 

Central Pacific turtles that were all fisheries bycatch in good body condition.  A small 414 

denominator would increase g/kg in the NW Pacific relative to the N Central Pacific, but the 415 

opposite was observed.  This comparison begins to suggest that g/kg is equally as good as g/cm. 416 

Leatherback sea turtles.  Thirty-one studies have assessed plastic ingestion in leatherback turtles 417 

across 11 global regions.  Half of the effort is in the NW Atlantic, with most of the remaining 418 

effort split equally between the NE Atlantic and off Peru’s coast around 1980 (Figure S2a).  419 

Leatherback %FO ranges from 12.5 to 55% globally, excluding regions with only a single turtle 420 

assessed (Figure S2b).  The Mediterranean and NE Atlantic Ocean rank the highest in %FO.  An 421 
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assessment of quantity becomes difficult because of low sample sizes within many regions 422 

(Figures S2c-f).  Confidently, we can observe that Central Pacific and NW Atlantic leatherbacks 423 

eat 4-5 pieces/turtle; 1-2 pieces/turtle in W Tropical Atlantic and NE Atlantic, and none in SW 424 

Pacific (Figure S2c).  W Tropical Atlantic (French Guiana and Brazil) appears as the highest-425 

ranking region for g/turtle (Figure S2d), but this is greatly skewed by one turtle that died from 426 

gut blockages caused by 2.6 kg of debris.  On a g/kg basis, W Tropical Atlantic and W Indian 427 

leatherbacks rank highest with the former value skewed by the one turtle (Figure S2e).  Looking 428 

at g/cm (curved carapace length), W Indian leatherbacks rank the highest, while the W Tropical 429 

Atlantic value becomes very small because the length of the turtle that ate 2.6 kg of debris was 430 

not measured (Figure S2f).  The removal of this one individual from the sample set explains the 431 

discrepancy between g/kg and g/cm.   432 

Kemp’s ridley sea turtles.  Eleven studies have assessed plastic ingestion in Kemp’s ridley 433 

turtles across three regions.  Effort has been concentrated in the Gulf of Mexico (78%), followed 434 

by NW Atlantic (20%) and NE Atlantic (2%) (Figure S3a).  %FO is generally lower than other 435 

species and ranges from 0% in NE Atlantic to 25% in the Gulf of Mexico (Figure S3b).  436 

Quantities regardless of unit were highest in Gulf of Mexico Kemp’s ridleys (Figures S3c-f).   437 

Olive ridley sea turtles.  Seven studies have assessed plastic ingestion in olive ridley turtles 438 

across three regions.  Most of the effort has been in the Central Pacific with less than 5% of 439 

effort in SW Atlantic and E Tropical Pacific (Figure S4a).  %FO ranged from 75% to 100% 440 

(Figure S4b).  Quantities in pieces/turtle and g/turtle are ≥ 4-times more in Central Pacific ridleys 441 

than SW Atlantic and E Tropical Pacific (Figures S4c-d).  When scaled to turtle size, quantities 442 

ingested were greater in the Central Pacific than SW Atlantic (Figure S4e-f).  443 
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Hawksbill sea turtles.  Eleven studies have assessed plastic ingestion in hawksbill turtles across 444 

seven regions.  Most of the effort has been split between SW Atlantic, Caribbean/Gulf of 445 

Mexico, and SW Pacific, with less than 5% of effort in the following regions:  NW Atlantic, NE 446 

Atlantic, Central Pacific, and E Tropical Pacific (Figure S5a).  %FO ranges from 8.3% in SW 447 

Pacific to 100% in the NW Atlantic and Central Pacific, excluding regions with N = 1 (Figure 448 

S5b).  An assessment of quantity becomes incredibly difficult because of low sample sizes 449 

within many regions (Figures S5c-f).  Confidently, we observe that SW Atlantic hawksbills 450 

ingested 12 pieces/turtle compared to NW Atlantic hawksbills eating 2.5 pieces/turtle (Figure 451 

S5c).  On a g/turtle basis, Central Pacific hawksbills rank highest with the two individuals eating 452 

an average of 39 g/turtle, which is skewed by one turtle with a gut blockage of debris mixed with 453 

feces that weighed 780 g (debris mass was estimated at 10% or 78 g) (Figure S5d).  In SW 454 

Atlantic hawksbills, 1.1 g/turtle was observed.  On a g/kg basis, Central Pacific ranks the highest 455 

at 8.8 g/kg (potentially skewed high by the outlier), compared to 0.73 g/kg in 13 SW Atlantic 456 

hawksbills (Figure S5e).  The same ranking was seen on a g/cm basis (Figure S5f).     457 

Flatback sea turtles.  Three studies assessed debris ingestion in flatback sea turtles, all of which 458 

are from Australia.  Two studies contained only a single turtle each.  One turtle was found with 459 

threads of plastic debris in its esophagus that were part of a larger mass that had entangled the 460 

turtle.  It is not clear if the turtle intentionally ingested the debris 
52

.  Another flatback turtle was 461 

reported in Schuyler et al. 
53

 as ingesting marine debris.  Finally, less than six flatback turtles that 462 

stranded between 1998 and 2011 were assessed for cause of death and at least one of them died 463 

from ingestion of debris 
37

.  None of these studies reported quantities so graphs like the other 464 

species could not be generated. 465 

GLOBAL COMPARISON AND DATA GAPS ACROSS SPECIES 466 
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 Figure 8 maps the average debris ingestion for six species of sea turtles on units of mean 467 

g/mean kg.  Hawksbill sea turtles have strikingly high quantities compared to other species in the 468 

same region.  This is true for the SW Atlantic, NE Atlantic, Central Pacific and Eastern Tropical 469 

Pacific regions.  This finding emphasizes the urgent need to monitor the threat of plastic 470 

ingestion in hawksbill sea turtles.   471 

Green turtles often ingest larger quantities than loggerheads, olive ridleys, or leatherbacks 472 

within a region.  Leatherback and Kemp’s ridley turtles consistently ingest the lowest quantities.  473 

An obvious data gap is the lack of quantities reported for the relatively abundant green sea turtles 474 

from the Mediterranean Sea.  While the loggerhead sea turtle is proposed as the best indicator 475 

species for monitoring marine litter for policy targets 
12

, green turtles eat more debris than 476 

loggerheads in other regions.  Therefore, this data gap should be addressed in the Mediterranean 477 

Sea.    478 

Previous studies have attempted species comparisons using only %FO, and they largely 479 

disagreed with each other.  Balazs 
22

 concluded the following trend in likelihood to ingest debris:  480 

green>loggerhead>leatherback>hawksbill.  The data included at this early stage of research was 481 

biased towards only detections; non-detects were certainly excluded which likely skewed the 482 

trend.  Schuyler et al. 
11

 presented the following trend which differed substantially from Balazs 483 

22
:  hawksbill>green>leatherback>(loggerhead=Kemp’s ridley).  Finally, an updated trend 484 

resulting from a global modelling exercise provided the following trend:  olive 485 

ridley>(green=loggerhead=hawksbill=leatherback)>Kemp’s ridley 
10

.  Of these, the Schuyler et 486 

al. 
11

 trend aligns the best with the current meta-analysis using debris ingestion quantities scaled 487 

to turtle size: hawksbill>green>(loggerhead=olive ridley)>Kemp’s ridley>leatherback. 488 
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Additional studies on all species are needed, but an increase in effort for hawksbill sea 489 

turtles is imperative. This species is classified as “Critically Endangered” by the International 490 

Union for Conservation of Nature’s Red List because many of its populations have been 491 

declining 
54

.  Plastic ingestion has caused the death of several hawksbills 
22, 36, 37

, and they appear 492 

to ingest far greater quantities than other species (Figure 8).  Despite these good reasons for 493 

focused effort, only 82 individuals across only seven regions globally have been assessed.  494 

Schuyler et al. 
10

 highlighted hawksbills, as well as leatherbacks, as species with data gaps.  495 

Because pelagic-phase turtles ingest larger quantities than neritic-phase turtles, a directed 496 

increased effort to assess younger pelagic-phase turtles of all species is warranted, as previously 497 

recommended by Nelms et al. 
21

.  498 

GLOBAL COMPARISON AND DATA GAPS ACROSS GEOGRAPHY 499 

Turtles in the Pacific Ocean, especially the NW, Central, and E Tropical Pacific regions, 500 

ingest much higher quantities than elsewhere.  The SW Atlantic comes in a close second.  Turtles 501 

in the Mediterranean Sea and coasts along the continental U.S. and Australia have the lowest 502 

ingestion concentrations.  These rankings may change as new data are reported.  For example, 503 

since completion of this meta-analysis, two studies have been published 
55, 56

.  Post-hatchlings of 504 

three species stranded along Florida’s east coast were reported to ingest on average 2.07 g/kg 
55

.  505 

This new study would likely increase the symbol sizes in Figure 8 for loggerhead, green, and 506 

hawksbill turtles in the NW Atlantic.  Fourteen green turtles can now be added to the NW Indian 507 

Ocean region with an estimate of 0.03 g/kg 
56

, which would result in the empty green circle in 508 

Figure 8 becoming shaded. 509 

The map in Figure 8 for green, loggerhead and olive ridley sea turtles is congruent with 510 

higher concentrations of sea surface debris in the pelagic gyres, especially in the Pacific and 511 
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South Atlantic Oceans 
57

, but is complicated by different sources of turtles in different locations.  512 

The known bias of greater ingestion in pelagic-phase turtles compared to neritic-phase turtles, 513 

and the inclusive approach that lumped both together for this analysis, could be a confounding 514 

factor in the geographical comparisons. 515 

This geographical comparison can begin to ground truth the global risk analysis 516 

performed two years ago before several studies reviewed here were available 
10

.  Their model 517 

(Fig 3 therein; note the Mediterranean was not included) predicted the highest risk for 518 

loggerheads in the NE Indian Ocean, followed by equal risk in the N Pacific, Gulf of Mexico, 519 

Caribbean Sea, and NW Atlantic to Portugal.  Regions of lesser risk were predicted in the W 520 

Indian Ocean, near the Azores, followed by the SW Atlantic, S Pacific, and Australia.  The 521 

current meta-analysis of actual ingestion data on a g/kg basis (Figure 7e or 8) shows the 522 

following ranking:  W Indian Ocean>N Central Pacific>NW Pacific>NE Atlantic>Gulf of 523 

Mexico>NW Atlantic>SW Pacific=E Tropical Pacific.  There are several similarities but two 524 

major differences.  Turtles monitored in the W Indian Ocean ingested far more than predicted, 525 

and turtles in the NE Indian Ocean have yet to be assessed for ingestion.  For green turtles, 526 

Schuyler et al. 
10

 predicted the following geographical trends:  South China Sea>(NE Indian 527 

Ocean=NW Pacific=W Indian Ocean)>NW Atlantic including the Gulf of Mexico and Caribbean 528 

Sea>nearshore Hawaii>(E Indian Ocean=W Africa=SW Atlantic=Australia)>(S Central 529 

Pacific=E Tropical Pacific=Central Atlantic).  The current review found the following trend:  530 

NW Pacific>Central Pacific>SW Atlantic>NW Atlantic>E Tropical Pacific>SW Pacific>Gulf of 531 

Mexico/Caribbean Sea>NW and E Indian Ocean.  The predictions missed the second hottest spot 532 

by not including much of the North Pacific pelagic realm in their model and greatly 533 

underestimated risk in S Central Pacific and SW Atlantic.  Finally, olive ridley sea turtles in the 534 
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SW Atlantic and E Pacific were predicted to have similar risk, and slightly greater risk was 535 

predicted for ridleys in the W Pacific 
10

.  Actual ingestion data suggest that the risk for olive 536 

ridleys in the E Pacific (sampling occurred mainly in the N Central Pacific) is much higher than 537 

those in the SW Atlantic.  Future risk analyses should focus on using quantities ingested rather 538 

than %FO.   539 

In 2015, a review article concluded that most studies had been performed in the Atlantic 540 

Ocean 
21

.  When assessing effort to date by the number of turtles assessed for ingested debris 541 

quantities (g/kg basis), the majority of effort has occurred in the SW Atlantic Ocean (36%), 542 

mostly along Brazil’s coastline, followed by the Mediterranean Sea (19%).  The following 543 

regions have between 5% and 10% of the total turtles assessed:  Gulf of Mexico/Caribbean Sea, 544 

Central Pacific, N and NW Indian, NW and NE Atlantic Oceans.  Regions with <5% of the total 545 

effort include E Tropical Pacific, SW Pacific, NW Pacific, E Indian, and NE Pacific.  Regions 546 

that have no published ingested quantities include NE Indian, SE Pacific, and SE Atlantic Ocean 547 

(excluding the southern point of South Africa). 548 

Regions of overlapping sea turtle habitat and high marine debris concentrations in the 549 

surface waters should receive the highest priority for future research.  Based on a map of 550 

concentrations published by Cozar et al. 
57

, effort should be increased in the pelagic zones 551 

between 25 and 35 degrees N, and between 25 and 35 degrees S. This is especially true for the 552 

NE Pacific, SE Pacific, N Central Atlantic, S Central Atlantic, and W Indian Oceans.  Obtaining 553 

samples of pelagic-phase sea turtles is difficult, but the extra effort is required to fill these data 554 

gaps.  Greatly underrepresented coastal regions that have a high likelihood of large inputs of 555 

debris include the Caribbean Sea, coastlines of Africa, NE Indian Ocean, South China Sea, and 556 
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the Pacific coast of South America.  These regions are nearly devoid of sea turtle plastic 557 

ingestion data. 558 

CONCLUSION 559 

With the importance and increasing magnitude of the marine debris threat to sea turtles, it 560 

is apparent that standardization at all stages of study is needed in this important field of research.  561 

Recommendations in prior reviews should be heeded for the animal and debris collection stages 562 

11, 16, 21
 as well as at the stage of data reporting 

20
.  The current review explained the 563 

consequences of failing to include non-detects, focusing solely on %FO rather than quantities, 564 

and neglecting to scale quantities to the size of animals.  Studies are therefore recommended to 565 

report %FO, pieces/animal, debris dry mass/animal, and g debris/kg of animal.  Sizes of debris 566 

items, at least the longest dimension, should also be reported, and surface area/animal can be 567 

useful too.  Until now sea turtle review articles have focused solely on %FO, which depicts an 568 

incomplete story without quantities. Quantities, and especially g/kg, most accurately reveal 569 

species differences and hot spots of marine debris ingestion, emphasizing hawksbill and green 570 

turtles as the species at most risk and the Central and NW Pacific and SW Atlantic Ocean 571 

regions as the worst hot spots identified to date.  Solutions to this environmental crisis, policies, 572 

and research funding are desperately needed for the most at-risk species, in the most problematic 573 

regions, and in regions that have yet to be monitored that may prove to be even worse (e.g., NE 574 

Indian Ocean).  The database (Files S1) and averages of g/kg estimated herein for each reviewed 575 

study (Table S1) can serve as a basis for future comparisons.  The described consequences and 576 

recommendations for data reporting may be equally important for taxa other than sea turtles. 577 
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 767 

Figure 1.  Cumulative number of publications increase linearly in the field of marine debris 768 

ingestion in sea turtles, becoming exponential after 2007 (excludes publications that were strictly 769 

review articles). 770 
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 771 

Figure 2.  Sample sizes in studies assessing debris ingestion in sea turtles.  Studies that contained 772 

more than one species were counted multiple times, once for each species.  773 
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 774 

Figure 3.  Reporting choices in studies assessing debris ingestion in sea turtles.  Studies 775 

containing more than one species were counted only once for this assessment.  Patterned bars 776 

indicate methods that are not recommended herein.  777 
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 792 

Figure 4.  Comparison of excluding or including non-detects when reporting ingested debris 793 

quantities.  Graph depicts average ingested debris masses from green sea turtles stranded at three 794 

locations along the Brazilian coastline 
36, 46, 58

. Percent frequency of occurrence (sample size) are 795 

shown within bars.  Patterned bars indicate methods that are not recommended herein. 796 
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 797 

Figure 5.  Example of percent frequency of occurrence (bars) versus quantity (blue triangle) of 798 

ingested debris in green sea turtles from two locations 
19, 46

.  799 
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  801 

  802 

Figure 6.  Geographical meta-analysis of green sea turtle ingested marine debris using different units:  a.) % of 803 

turtles assessed, b.) % frequency of occurrence (%FO), c.) average number of pieces ingested per turtle, d.) 804 

grams of debris ingested per turtle (estimated or reported), e.) mean grams of debris ingested per mean kg of 805 

turtle (numerator or denominator could be estimated or reported), and f.) mean grams of debris ingested per cm 806 
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of straight carapace length (SCL) of turtle (numerator or denominator could be estimated or reported).  Graphs c 807 

through f are weighted averages; variance could not be calculated; the intent is only to rank the regions.  808 

Patterned bars indicate only a single turtle and should be compared with great hesitation.  Numbers above bars 809 

are mean values, zeros indicate no ingestion, and NA indicates that no data were available.  Values inside 810 

parentheses indicate (number of turtles assessed / number of studies) within a region.  Dashed lines are 811 

thresholds proposed by Santos et al. 
48

 (0.5 g/turtle) or the threshold divided by the converted average kg body 812 

mass of turtles assessed therein.813 
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  814 

 815 

  816 

Figure 7.  Geographical meta-analysis of loggerhead sea turtle ingested marine debris using different units:  a.) 817 

% of turtles assessed, b.) % frequency of occurrence (%FO), c.) average number of pieces ingested per turtle, 818 

d.) grams of debris ingested per turtle (estimated or reported), e.) mean grams of debris ingested per mean kg of 819 

turtle (numerator or denominator could be estimated or reported), and f.) mean grams of debris ingested per cm 820 
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of straight carapace length (SCL) of turtle (numerator or denominator could be estimated or reported).  Graphs c 821 

through f are weighted averages; variance could not be calculated; the intent is only to rank the regions.  822 

Patterned bars indicate only a single turtle and should be compared with great hesitation.  Numbers above bars 823 

are mean values, zeros indicate no ingestion, and NA indicates that no data were available.  Values inside 824 

parentheses indicate (number of turtles assessed / number of studies) within a region. 825 
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 826 

Figure 8.  Global map of average mean g/mean kg of debris ingestion quantities in six sea turtle species.  Different colors represent different 827 

species.  Different sizes of circles indicate the quantity range. Data compiled from studies noted in Supporting Information File S2 Table S1. 828 
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